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thermal jets has led to the use of higher pressure ratios and turbine 
inlet temperatures, with consequent multiplicetion of the problene of - 
compressor and turbine design and reduced reliability end endurence. 
Attempts te winimise or eliminate these problems by use of pulsejets 
and ramjets have not set with marked success for well known reasone. 

Detonative combustion offers an attractive solution to the problems 
iavolved in producing high pressure ratios and tolerating high temper- 
atures, Detonative combustion may be considered to be « process in which 
@ombustion tekes place witain tae high pressure erce of a compression 
sncek; in consequence, no mechenieal compressor nor turbine ere required, | 


oe 


and as will be shown later, valves setae eleo UNNeCERsATy ». 

it is the purpose of this paper to describe « therme] jet based 
on intermittent detonetive combustion niineide? developed; to ettempt en 
emalysis of the process involved; and to report the resulte of exyper~ 
iments conducted by the author in connection therewith. 


1.2 Historical Background, 

Tae phenowenon of detonation wee Giscovered in 1661 by Berthelot 
end Vieilie ae well es by Wellerad and Le Chatelier, who weace osteiied 
studies of the subject. Meny subsequent investigations were wade by 
Dixon end his students. The theoretical explanation of detonation wee 
meade by Chapman and Jouguet, following Becker! s onelysie of the coo~ 
presoion shock. The pre~detonstion period received gerbe sso si attention 
from Sokolik and Shtaholikin, while Langweiler expressed the relation 
between detonation pressure and temperature end tae preesure ana topp- 
erature atieined by combustion ot constent volume. Recentiy, e detailer 
analysis has been wade by Shapire, Hawthorne, and Rdelman (reference 1). 
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H. doffnan, of the Deutsche Yorschungsanstelt fur Segelflug 
(Germen Gliding Resserck Station) hes been concerned since the spring 
of isbe wita the problew of aeveloping e therwal jet operating on the 
prineiple of interaittent detonative combustion, and in « report dated 
Noveuber 10, 1080 described tests of « successful device (reference 2), 
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&. THe HOFFMAN APPARATUS 


21 Reoneeenten 

Figs i shows * diagrammatic sketen of the intermittent detcuative 
eoabustion apparatus developed by Hoffman (Fig. 23, reference R)e 
desentbelly, the apparatus consists of « streight oylindricel tube 
@loxed at one eud and provided with e Bpark-plug or other meens of 
providing continuous ignition at tae other, to which is attached a 
Goniesl diffusor. Fuel end oxidiser are admitted turough seperate 
dimes at the closed end of tne ceabustios Ghasber in Bch & wenner os 
te provide good wizing and turbulence. 

The dimensions of the particular test Spperpuse te which reference 
wiil be mage aré an Loliowss 


Length of gombustion Ghamberscisovsscovcesvee &0.0 Ome 
Dismeter of SCOmMbUSELON ChAwWbeT sc csesccccssses 5.8 Ga. 
Length Of di Lfuserssisacnvsdcseesensecesecece R060 GR. 


Diffuser half-angle ef divergence€ss<w.cesevres 4.0 deg. 


205 Operation. 

Tae ageviee described sbove operates on an intermittent cycle us 
follows, The combustible aixture flows toward the open end wnbhil it 
is ignited at the spark-plug. Tne flame front travele beck towards the 
olosed end, passing from ordinary combustion inte agtonation, aad the 
detonation waye contigues on to tae baffie et the clesed ead where ite 
reflection iupertes a high impulse to tho baffle. The preseure rise 
foliowing tae detonation weve imposes a temporary restriction on the flow 
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of fresh fuel and oxidizer, 4 g the flane. sh abe scenes 
fale fresh wixture again enters the conbusticn cheaber snd the eycle 
‘ip repested. 


Ueing the epgeratus sbove, Hoffaan ren e verien of teste to deter~ 
nine performance (Table 7 reference 2). The best results obteined 
are tabuleted es follows: 

Oxygen flow GOs siidsecs es si ORs edeeeeere 15.2 gu./eec. 

Gasoline flow tee ceasessnesatuecossscescs 3.9. “a 


Totel flow DAWES veces esd svasdgecsswacnd eh ae /eec. 
te bheoretical Buble vetedcacetessves | “108.0 oy 


ea bentannomecenen ness 9 Vas sarened sits 6,400.0 ue. 


Specific thrust SURES EDESH ESOS ORH EET HHO 491.0 sec. 
fuel. COonsUMpbLonssesvecebescvees 1.67 hr. 
‘Tasoretical aoneed GALUSEs a cecereesenrs 467.0 sec. 


2.4 Dleauesion. | 

Tas foregoing results present three items of particular interest. 
First, atvention is invited Lo the aebatavedy high value of ssecific 
thrust obteined, This value is of the order of the specific tarust 
obtainable in rockets, but it saould be remembered that in this device 
the combustible mixture is admitted under only such pressure as is nec-~ 
@séary to insure tue rate of flow desired, amounting in no case to more 
than « few pounds above atmospheric, whereas in a rocxet the siature must 
be edmitted at combustion chamber pressure, ewounting to severe] atmo- 
@pheres of pressure. 

The second point of interest is the value of specific fuel con- 
suaption, This is rather high, but follows frou the fact that oxygen 
rather then air ie the ozidiser, with the consequence tiaet tae gaas 
acvelerated per pound of fuel burned te reduced. Although tae cetonstion 
velocity of air-fuel sixtures is lower taan thet of oxnygen-fuel mixtures 
(reference $), the net effect of using sir instesd of ouygen, grovided 
the mixture cen be caused to detonate, should serve to improve specific 


Luel sonsuaption. 
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The final point of interest is & coaparison of specific thrust with 
theoretical specific thrust based on the euthelyy of combustion of the 
fuel used, I% will be noted that experiuentel spechfic thrust is epp~ 
reciably nigner than the theoretical mexinun! Tais result is & consequence 
of the fact thst the epparstus operates on en intereittest cycle, so that 
8 new mass of sir ehters the diffusor end is eccelerated once during each 
eysle. Since the process does not represent « stesdy-stete condition 
initial acceleration sust be taken into eccount, and csloulations besed 
entirely on the mass of awixture involwed in the euubeetste process will 
be misleading. 


&. AHALYSIS 


3.1 Introduction. 

The anelysis of an interaittent detonative combustion device presente 
many difficulties. foremest anong these is the problem of fiow in tae 
@iffuser, During each cycle pressure and velocity in tae diffuser build 
wp te a mexisun in which the preveure is many times atmospheric and the 
Velocity memy tines the welocity of sound. After combustion is completed 
both pressure end velocity drep repidly, and due to inertia effects the 
pressure drops below atmospheric, follewed by back-flow in the diffusor. 
Such beck-flew represents « less cf somentum of which eccount sust be 
taken. 

Anotacr @qually importent problem is the deterwinetion of the point 
in the gombustion prosess where detonation sate in. Suck informetion is 
necessery ia order to determine how much of tae charge surrencers ite 
chewicai energy in ordinary combustion and how wuch in detonative combustion. 
While tae length of the pre-detosation peth hae been determinec for 
stagnant mixtures (reference &), mo suck deterwination beg been wade 


for turbulent sixtures. 
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Pecaing of datnution are aise of Savarese Jost (reference 5) 

end Lewis and vou Elbe (reference 4) stote thet ot the mouent of origin 
detonation pressures ere essentially higher nd cen be up to twice as 
high as the pressure in the stationary wave, Moreover, such «bnoraally 
high pressuree persist for appreciable distences. Unfortunately, however, 
there appezrs to be ao information sbout. the lew governing decay , 
initial pressure to steady-state pressure. 

In view of the foregoing problems, the anelysis following is divided 
into two parts. In the first part, the problem 4s treated os one of 


steady flow; anc in the second part certain grose epproximations are made 

in order t© eliminate come of the unknowns discussed above, In both cases 

the analysis follows the metaods of Ghepire, Hewthorne, end Edelman 
{reference 1), end calculations are beeed on the tables presented by 


these authors. 


$2 Synmbola, 

im geousral, the sae sywbola will be sued ss thoree used by Shepiro, 
Hawthorne, end Edelmen. Those pertinent, together with such additional 
syabole ac necessary or Minor changes, are listed below. Dimensions are 
in tae foot-pound-second system. Attentica is invited te the general rule 
that upper case letters are used wnerever possible in orcer to reserve 
Lower case letters for purposes of identification. 


Asocvoses cOPOSH—-Bections) BPGEe » 

Geoscsssens Speed of sound, 
Coscoscone8pecific heat at constent pressure. 
OVecoesessBpocific heat st constent voluns, 
Desecsess iianeter. 

FosvcovsssBaruat. 

HovessvoseBpoecific enthalpy. 
KeesosceesdS@tiO of specific heatea. 
LesoevcoesLOmgtn of duct. 

MeocesoeesBAGh Dumber 

Noeaesess umber of mols, 
Povesseseepl@ssure. 

Re sevcee sofas constant. 

Pooovoesestbo0lute temperature. 
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Vidisbiinsintialinandst Silanes 
Veosscceae Velocity. 
Bavcecves Mase, ase rete of flow. 
ceovoveccdistance elong duct. 
AeeceeessoBans density. : , 
Brvscvesochalf-angle of divergence. 


Leveveee refers to fuel, Slane. 
AeeccoensPefers te inlet. 
sovsveesK@lors to isentropic stagnation conditions 
‘()dp8,SceesPafers to sections 3, 8 5. 
Semneces oteth to conditions where M = 1. 
‘eeossussPolers to conditions relative tc observer moving with 
URbUIhed gas, . 


5.5 Assunptions. 
The follewing ageuaptions are mede in the interest of eiaplifying 
the analyeie. 
i. The flew is one-dimensional, 
2. Changes in stream properties are continuous Sxcest in compression 
shocks or in « detonation were, 
S The ges is perfect; i.e., it obeys Boyle's and Charles’ lews 
and the specific heats remain constant. (k = 1,4) 
4 There is no friction, 
5. Wo heat is lost or gained exespt by combuetion, 


$. Processes ere isentropic except in a shock or detonetion weve, 


So4 Continuous Detonative Coubustion, 

The prebles of intermittent detonative combustion cen be such 
Simplified by sesuming that detonstion sets in immediately upon ignition, 
and thet tae time intervel between explosions is sere. Under such ¢con- 
Gitions tae problem may be analysed ac one of continuous deteuat ive 
comoustion. There is taen no backflow in the diffuser, ami the device 
is very roughly equivalent to « vemjet in which combustion Le detonative 
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Solving the foregoing equation for i yields two values; one of 
these represents normal cowbustion, and the other detonation, es follows; 

W = 0.38 (Hormel combustion) | 

Ww = 5.54 (Detonation) 

From reference 1, equation (60), the following relation is obtained 


Ls tt a, an 


Substituting the detonation velue of Mi in equation (2) yields 
AD e 24.82 
PL 


In accordance with reference 1, for the steady detonation wave, 


 B2#il. Foliowing the methods of reference 1, and by use of tables con- 


teined therein, the foilowing values are obtained; 


es =z 11.86 ard see zx 7.8 


From the equations for Laentrepic flew 


foz’ = * Ze oe (8) 
a a 
end 
TS = T2( £5) «& amd gimce PS * Pl = Pa 
\ 2 ) 
ts) = TL T2(23) 4 t 
TL(P2) 


Combining equations (3) end (4) yields 
kaj k=). 
fo2'~TS «= TAZ) (ei) & ((Poz') & _ 3, } (8) 
(fl)(72) (CFL) 


im 


oi eoats: Sag . 


sbieky, (2) eas (¢) eee yetned 


& .82-1Ser 


oc, 


Substituting muertos) values, aut solving eqastion (6), yields 
Fon? ~ 13 = 2700 OR, 
=. * (adte(ek. —28)) 3 (8) 
is cbteimed ? 
4. = 117 pounts tarust/pound air/second. 


If the fuel used ie cetene, the stoichionetric fuel/air ratio is 


= = 0865 
end the apecific fuel eonvwaption is 
= * 1.852 pownds fuel/pound thrust/nour, 


3% is of interest to compare the foregoing results witm the taeo- 
retical results obtainable for « stoichiouetric waixnture of ostene and 
air, The velue of octene is | 
He = 18,160 Btu/;ound. 


3 
oa = (23% .0668) « 847.8 pounds thrust/pound eir/second, 


and the specific fuel consumption is 
WE « 1.008 pounds fuel/pownd thrust/hour. 
7 


Prom the foregoing 14 is epysrent that scomtinuous detonative 
eonbustion is aot shareoterised by very high efficiency. This is net 
& surpriging sonclusicoa, im view of tae fect that tae efficiency of 
Goupression through a compression shoek faiia off rapidly with increasing 
fach muwber. However, it shoulda be meted that values of specifie tnrust 
and apecifie fue) consumption obtained above ere not significantiy different 
from like figures for current turpojetsa. In the next section on attempt 
will be made to apply the foregoing methods of ansiysis to interalttent 
detonative cGoubustion, and « tomperison will be msde with tae results 
obtained by Hoffman. 
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| 5.5 Internittent Devonstive oxbustion. 
| In the preceding section the assumption was sade thet the tive 

interval between explosions ie sere, with the necessery consequence tnet 
flow wes contiguous and no moos other then that of the combustible mixture 
entered the epperetus. With intermittent operstion the lest couciusioa is 
no longer valid, because now there eaiate the possibility of buck Liew inte 
the diffuser and & consequent increase iy the eB accelerated. 

As before, however, it will be axsuned that detonstion vets in 
diwmediateiy upon ignition. Such an ayeumption is not ae erbitrery os 
my at fires eppear., 1% may be remembered frow the diseussiea tu section 
Sod thet at tae instant detonation sete im, and for an appreciable tine 
thereafter, detonation pressures ore abnormally bigh, and aay be up to 
twice the steady~stete values. This effect will offest, to some extent, 
the faot that detonation does not actually somuance with ignition, sé 
here aeeuned. 

In order to sosiyee Liew ln the diffuseor Lt wiii be assumed thet et 
the instant exhaust velocity drops to aerce preswure dletributicn ie « 
eine function of axial position, sxidefying the foidewing boundary con~ 
Gitions: 

Abie G, Pe’ Pl; shaw is, F* 0; shh * Letie, P » Ph; 
and ab iw le ~ Pogtia, FP = Pon. 
Tasee sli represent ai aecywetrivcel siag weve With « wuxinus 

equal te Fl at the baffle wisre frech aixture eutera; & Wininus ef sero 
at the spark plug; end exother maxiwun equal te Pot! et susck Cistence 
frou the end of the diffuser oc wild give e@ pressure equal to Pi at the 
aiffusor exit. Ths equation expreselag pressure distribution in Une Gillusor 


may then be written ac Peliews: 


Pe Pol! sin g0"FLU-~le) (7) 
Pos 5 
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B- Rp dg) | a 
efter the pressure hes becose uniform throughout end equed te Ph. 

If the ratic of tae volume of the diffuser te the voluwe of the con 
bustion eheuber is known, the ratio of the total mase accelerated to the 
sase of fresn mlature wey be written, Let the volume retie above bw 
designated by *¥*, ‘Then / 
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and the less of specific thrust due to beck flow is 

Bs BM = Bo = | 

me fs 

The net thrust per pound of eutering aluture for interaitieut 
datonetive goabustion ¢aa new be computed, if Y is known. Two | 
solutions wiil be found; the first wild bs based on a value of YX 
ealeulsted from the saree rebic of the diffuser required to satiszy 
tne flow of the preceding section with a helf-cngle of divergence 
of 4°; the second will be based oa a value of Y Galouleted frou 


the dimensions of the Hoffman apparetue ae deacribed in section &.), 
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EL = Lina « 269 pounds tayust/pound air/seeond 


The corrected specific fuel consusptios 


& = Boe, = +807 pounde fuel/pound thrust/nou 


The anslytic specific tarust aad apecific fuel consumption compared 
with the corrected experimental specific tarust snd specific fuel eon- 
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